INTRODUCTION
Macrophages are phagocytic cells that recognize foreign structures including conserved pathogen-associated molecular patterns and respond accordingly to further activate innate and adaptive immune responses that are required for eradication of pathogens as well as for maintaining tolerance. To mediate the activation, macrophages produce antimicrobial substances, chemokines, and cytokines [1, 2] .
TLRs are pattern recognition receptors present also on macrophages. TLRs are crucial for recognition of conserved microbial structures, and the engagement of TLRs activates signaling cascades that culminate in inflammatory and immune defense responses [3, 4] . It has been shown with knockout mice that TLR2 is required for responses to some Gram-positive bacteria [5] . Other human TLRs involved in signaling to bacteria include the LPS receptor component TLR4 [6, 7] , TLR5, which recognizes bacterial flagellin [8] , and TLR9, which mediates activation to bacterial CpG DNA [9] . TLR1 and TLR6 have been shown to specify TLR2-mediated signaling to structures of Gram-positive bacteria [10, 11] . Although a wealth of data exists about the ability of TLRs to direct innate immune responses, less is known about how bacteria modulate TLR expression.
Gram-positive Lactobacillus rhamnosus GG (LGG) is a commensal, initially isolated from human intestine. The healthpromoting effects of LGG have been studied extensively, making it the best-characterized probiotic bacterium [12] . The efficacy of LGG in the treatment of diarrhea and in preventing allergies has been demonstrated in several clinical trials [13, 14] . There is also evidence about the ability of LGG to reduce the duration of respiratory tract infections [15] . The need to understand the basis for immunological tolerance to normal microbiota together with the increased interest in potentially beneficial immunological effects of probiotic bacteria demand more thorough investigation of the events during the early innate immune responses. Group A streptococcus (GAS) or Streptococcus pyogenes is a major Gram-positive human pathogen causing infections ranging from pharyngitis to severe systemic diseases [16] . It has been estimated that S. pyogenes infections result in 500,000 deaths every year, placing S. pyogenes among the 10 most mortal pathogens [17] . The resurgence of severe, acute GAS infections [18] and the observed, steady increase in the number of invasive GAS infections [19] underline the importance of further elucidating the mechanisms of interactions between the host and this major human pathogen.
We have shown previously that LGG and S. pyogenes differently activate inflammatory responses in human macrophages [20, 21] . To gain insight into the mechanisms of activation, we have now compared the changes in TLR expression in human monocyte-derived macrophages in response to these two bacteria. We have also studied the involvement of TLR2 in live LGG and S. pyogenes-induced activation of signal transduction.
MATERIALS AND METHODS

Bacteria
LGG (ATCC 53103, American Type Culture Collection, Manassas, VA, USA) was obtained from Valio Ltd. (Helsinki, Finland) [22] , and S. pyogenes serotype T1M1 (IH32030) isolated from a child with bacteremia [23] was from the collection of National Public Health Institute (Helsinki, Finland). Bacteria were stored in skimmed milk at -70°C and passaged three times as described previously [23] before use in stimulation experiments.
LGG was cultured in de Man, Rogosa, and Sharp medium (Difco, Detroit, MI, USA) and S. pyogenes in tryptone yeast medium supplemented with 0.2% glucose. For stimulation experiments, bacteria were grown to late logarithmic phase, and before each experiment, the number of bacteria was counted with a Petroff Hausser chamber.
Cell culture
Freshly collected, leukocyte-rich buffy coats from healthy blood donors were supplied by the Finnish Red Cross Blood Transfusion Service (Helsinki, Finland). PBMCs were isolated by a density gradient centrifugation using Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala, Sweden). Monocytes were purified from PBMCs by adherence on six-well plastic plates (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) and cultured for 7 days in macrophage-serum-free medium (Gibco Invitrogen, Grand Island, NY, USA) in the presence of 10 ng/ml recombinant human (rh)GM-CSF (Leucomax, Schering-Plough, Innishannon, Ireland) to obtain macrophages as described previously [20] .
Human embryonic kidney (HEK)293 cell line (ATCC CLR1573) was maintained in modified Eagle's MEM (Sigma-Aldrich, Ayrshire, UK) with antibiotics, L-glutamine, HEPES, and 10% FCS. The stably transfected TLR2-HEK293 cell line (a kind gift from Dr. Kate Fitzgerald, University of Massachusetts Medical School, Worchester, MA, USA) was grown in DMEM supplemented with G418 (500 g/ml), L-glutamine, HEPES, and 10% FCS.
Stimulation experiments
Macrophages obtained from four blood donors per each experiment were stimulated with live bacteria at a 1:1 ratio or with 100 ng/ml LPS from Escherichia coli HB101 [23] in RPMI 1640 (Sigma-Aldrich). Macrophages for the real-time PCR analysis were stimulated with live bacteria at a 1:1 ratio or with 100 ng/ml LPS from E. coli 0111:B4 (L-32024, Sigma-Aldrich). Human leukocyte IFN-␣ was provided by the Finnish Red Cross Blood Transfusion Service and used at a concentration of 100 IU/ml. rhIL-1␤, rhIL-6, and rhTNF-␣ were from R&D Biosystems (Abingdon, UK) and were used at a concentration of 10 ng/ml. Neutralizing sheep anti-IFN-␣/␤ serum [24, 25] was used at concentrations of 2400 neutralizing IU/ml for IFN-␣ and 165 neutralizing IU/ml for IFN-␤. Neutralizing antibodies against TLR2 (TL2.1; Cascade Biosciences, Winchester, MA, USA) and CD14 (MY4; Coulter Immunology, Hialeah, FL, USA) were used at 5 g/ml and added into cell culture medium 1 h before the beginning of bacterial stimulations. 
Transfections and luciferace assays
RNA isolation and analysis
Total cellular RNA was isolated by the guanidinium isothiocyanate method followed by centrifugation through a CsCl cushion as described [26] . Equal amounts (20 g) of total cellular RNA were size-fractionated on 1% formaldehyde-agarose gels and Northern blotted as described [23] . The probes for the Northern blotting of TLR1-8 have been described previously [26] . Hybridizations for TLR2 and TLR4 were performed in 50% formamide, 5ϫ Denhardt's solution, 5ϫ sodium chloride/sodium phosphate/EDTA, and 0.5% SDS and for TLR1, TLR3, TLR6, TLR7, and TLR8 in ULTRAhyb buffer (Ambion, Austin, TX, USA) at 42°C. The membranes were washed twice with 1ϫ SSC/0.1% SDS at 42°C for 30 min, once at 65°C for 30 min, and once at 42°C for 30 min. The membranes were exposed to AR X-OMAT films (Eastman Kodak, Rochester, NY, USA) at -70°C with intensifying screens. The intensities of the bands were determined by using Kodak Digital Science 1D (Version 3.0.2.) software.
Quantitative real-time PCR
Before cDNA synthesis, 2 g total cellular RNA for each sample was treated with RNase-free DNase I (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's instructions. Synthesis of cDNA was performed as described [27] by using MultiScribe RT (Applied Biosystems, Foster City, CA, USA) with random hexamers (Applied Biosystems) as primers. Amplification of cDNA to analyze mRNA levels was performed in Master Mix buffer with Assays-on-Demand gene expression assay primers and probes for TLR1 (Hs00413978_m1), TLR2 (Hs01872448_s1), TLR3 (Hs00152933_m1), TLR4 (Hs01061963_m1), TLR6 (Hs00271977_s1), TLR7 (Hs00152971_m1), and TLR8 (Hs00607866_mH; all from Applied Biosystems). Relative mRNA levels were normalized against ␤-actin.
EMSA
Nuclear extracts were prepared as described previously [20] . Nuclear protein/ DNA-binding reactions were performed in a volume of 20 l containing 9 g nuclear extract proteins, 10 mM HEPES-KOH (pH 7.9), 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, and 2 g polydeoxyinosinic-deoxycytidylic as a nonspecific competitor. NF-B oligonucleotides (5Ј-AGTTGAGGG-GACTTTCCCAGG-3Ј) were synthesized with an IBI oligonucleotide synthesizer (Foster City, CA, USA) and purified on PAGE in the presence of 8 mol/l urea. The NF-B oligonucleotide was labeled with [␣-32P]dATP (3000Ci/mol, Amersham Pharmacia Biotech) with the Klenow fill-in method. The binding reaction was performed at room temperature for 30 min. Nondenaturing, low ionic-strength PAGE gels (6%) in 0.25ϫ Tris-borate-EDTA buffer were used. Gels were dried, and bands were visualized by autoradiography. Band intensities were quantified by using Kodak Digital Science 1D (Version 3.0.2.) software.
Western blotting
SDS-PAGE was conducted by using the Laemmli buffer system on 10% polyacrylamide gels. Protein concentrations in the samples were determined with the Bio-Rad protein assay kit, and 30 g protein from each sample was separated on gels and transferred to Immobilon-P (polyvinylidene difluoride) membranes (Millipore, Bedford, MA, USA). Binding of the antibodies was performed in PBS (pH 7.4) containing 5% nonfat milk for 1 h at room temperature. Primary antibody used in immunoblotting was goat anti-human TLR2 (1/500 dilution; sc-8689, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Biotin-conjugated rabbit anti-goat Igs (1/5000 dilution; Jackson Immunoresearch Laboratories, West Grove, PA, USA) were used as secondary antibodies and streptavidin-HRP-conjugated Igs (1/5000 dilution; Dako, Denmark) as tertiary antibodies. The bands were visualized on Amersham HyperMax film by using the ECL system according to the manufacturer's (Amersham Pharmacia Biotech) instructions.
Cytokine-specific ELISAs and biological assay for IFN-␣/␤ IL-1␤, IL-6, and TNF-␣ levels in cell culture supernatants were determined by ELISA methods as described previously [23] with sensitivities of 20 pg/ml. A biological IFN-␣/␤ assay was carried out as described [28] with a detection limit of 3 IU/ml. Briefly, cell culture supernatants were harvested and dialyzed against acidic glycine buffer (pH 2) followed by two dialyses in PBS. IFN-␣/␤ titers in samples were assayed by vesicular stomatitis virus plaque reduction in HEp2 cells.
RESULTS
TLR mRNA expression in macrophages is induced by LGG and S. pyogenes
The regulation of TLR gene expression allows enhancement or attenuation of innate immune responses and could thus provide a mechanism to control the direction or magnitude of the response. We have previously observed that Gram-positive commensal and probiotic LGG and pathogenic S. pyogenes elicit different inflammatory responses in human primary macrophages [20, 21] . Therefore, we now compared the effect of LGG and S. pyogenes on macrophage TLR gene expression. We stimulated macrophages with live bacteria or LPS and performed Northern blot analysis (Fig. 1A) and quantitative realtime PCR (Fig. 1B) to measure TLR1-8 mRNA levels. By using these two methods, we observed that LGG, S. pyogenes, and LPS up-regulated TLR2 mRNA expression with the highest induction at 24 h after stimulation. S. pyogenes, unlike LGG, enhanced the gene expression of TLR3 and TLR7.
LGG and S. pyogenes up-regulated TLR1 expression weakly compared with the existing basal mRNA levels (Fig. 1A) . Although S. pyogenes seemed to enhance TLR8 gene expression at 12 and 24 h after stimulation as analyzed by Northern blotting (Fig. 1A) , this up-regulation was not observed by quantitative real-time PCR (Fig. 1B) . TLR4 mRNA expression was constitutively high in macrophages (Fig. 1A) , and S. pyogenes, LGG, or LPS had no major effects on TLR4 mRNA levels, as verified by real-time PCR (Fig. 1B) . TLR5 or TLR9 gene expression was not altered by Gram-positive bacteria or LPS (data not shown). Neither Gram-positive bacteria nor LPS had major effects on TLR6 mRNA expression.
LGG and S. pyogenes up-regulated TLR2 gene expression in macrophages (Fig. 1, A and B ). TLR2 is a receptor for many Gram-positive bacteria [29] and could also be the receptor for these two Gram-positive bacteria. Thus, it was of interest to study whether these bacteria increased the expression of TLR2 also at the protein level. As analyzed by Western blotting, LGG and S. pyogenes as well as IFN-␣ enhanced TLR2 protein expression at 24 h after stimulation (Fig. 1C) .
S. pyogenes-induced IFN-␣/␤ regulates TLR mRNA expression
To gain more insight into macrophage TLR responses to LGG and S. pyogenes, we first measured production of inflammatory cytokines at 24 h after stimulation with live bacteria or LPS. S. pyogenes was a potent inducer of IL-1␤, TNF-␣, and IFN-␣ ( Fig. 2A) . S. pyogenes and LPS also induced IL-6 production.
LGG failed to induce measurable amounts of IFN-␣ and was less efficient than S. pyogenes in activating IL-1␤, IL-6, and TNF-␣ production.
LGG, S. pyogenes, and LPS induced TLR2, and S. pyogenes induced TLR3 and TLR7 mRNA expression in macrophages (Fig. 1, A and B) . We have previously shown that IFN-␣ up-regulates TLR2, TLR3, and TLR7 gene expression in human macrophages [20] (Fig. 2B) . Anti-IFN-␣/␤ antibodies reduced S. pyogenes-induced TLR2 and TLR7 mRNA synthesis and completely blocked S. pyogenes-induced TLR3 mRNA expression. Neutralizing antibodies against IFN-␣/␤ appeared to downregulate basal TLR8 mRNA expression, and no further reduction in TLR8 mRNA was detected in response to LGG or S. pyogenes in the presence of anti-IFN-␣/␤ antibodies. Neutralizing antibodies against IFN-␣/␤ had no effect on TLR4 mRNA expression (Fig. 2B) or on TLR5 or TLR6 mRNAs (data not shown).
It is known that IFNs regulate TLR gene expression in human macrophages [26] . The effect of other cytokines on TLR gene expression in human macrophages has not been studied systematically. As S. pyogenes and LPS elicited IFN-␣ production, and LGG, S. pyogenes, and LPS induced the production of TNF-␣ and IL-6 and to a lesser extent, that of IL-1␤, we wanted to analyze how these cytokines, alone or in combination with IFN-␣, affected TLR mRNA expression. IFN-␣ alone induced the expression of TLR3 and TLR7 mRNAs, and a minor increase was observed in TLR2 expression (Fig. 2B) . TNF-␣ alone was able to up-regulate TLR2 and TLR7 gene expression and to some extent, that of TLR1. When macrophages were stimulated with IFN-␣ and TNF-␣ together, an additive effect on TLR1, TLR2, and TLR7 gene expression was obtained compared with either cytokine alone. The expression of TLR4 appeared to increase as a result of stimulation with a combination of IFN-␣ and TNF-␣. IFN-␣ enhanced mRNA expression of TLR8 to some extent. IL-1␤ or IL-6 alone or in combination with IFN-␣ did not alter TLR gene expression (data not shown).
TLR2 mediates LGG-and S. pyogenes-induced NF-B activation
It has been shown that lactobacilli among other commensal bacteria are recognized by TLRs [30] . As TLR2 is known to mediate the Gram-positive bacterial cell wall, and whole bacteria induced NF-B activation [5, 31] , we analyzed whether TLR2 was required for live LGG and S. pyogenes-induced NF-B activation. Stimulation of HEK293 cells that do not express TLRs with live LGG or S. pyogenes at 1:1 or 10:1 bacteria:cell ratios did not induce any NF-B reporter activity (Fig. 3A) . When HEK293-TLR2 cells were stimulated at a 1:1 bacteria:cell ratio with LGG or S. pyogenes, NF-B activity increased 2.5-fold or 1.5-fold over untreated control, respectively (Fig. 3A) . When HEK293-TLR2 cells were stimulated at a 10:1 bacteria:cell ratio, LGG induced more than sixfold and S. pyogenes more than a threefold increase in NF-B activity over the control (Fig. 3A) .
CD14 together with TLR2 function as a receptor for Grampositive pathogens [32, 33] . As human macrophages express TLR2 constitutively [26, 34] , and we observed that TLR2 was required for LGG and S. pyogenes-induced NF-B activity in HEK293 cells (Fig. 3A) , we next studied whether TLR2 and CD14 were involved in NF-B activation induced by live LGG and S. pyogenes in human primary macrophages, which were incubated in the presence or absence of blocking antibodies against TLR2 or CD14 before stimulation with live bacteria for 1 h. Nuclear extracts from stimulated macrophages were prepared and analyzed by EMSA using a 32 P-labeled NF-B oligonucleotide. NF-B DNA binding induced by both bacteria was reduced by anti-TLR2 antibodies (Fig. 3B) . Anti-CD14 antibodies down-regulated LGG-induced NF-B DNA binding to the same extent as anti-TLR2 antibodies. Anti-CD14 antibodies were less effective than anti-TLR2 antibodies in reducing S. pyogenes-induced NF-B activity (Fig. 3B) . LGG and S. pyogenes regulate TLR expression in macrophages, which from four different donors, were stimulated with LPS (100 ng/ml), live Gram-positive LGG (LAB), or S. pyogenes (GAS) for 6, 12, and 24 h at a 1:1 bacteria:macrophage ratio. After stimulation, total cellular RNA was isolated for Northern blot analysis (A) or quantitative real-time PCR (B). (A) RNA samples (20 g) were size-fractionated on agarose gels, transferred to nylon membranes, and hybridized with TLR probes. As a control for RNA loading, ethidium bromide staining of rRNA was used. The intensity of each band was normalized to the respective loading control. Fold induction numbers were obtained by comparing the intensity of the stimulated sample with the untreated control at the same time-point. The results are representative of four independent experiments. (B) Gram-positive bacteria or LPS-induced TLR expression was quantified by real-time PCR. The mRNA levels were normalized against ␤-actin. Data are presented as fold induction over untreated controls (Ctrl) at respective time-points. The controls were assigned a value of 1. (C) Macrophages from four different donors were stimulated with IFN-␣ (100 IU/ml), live LGG (LAB), or S. pyogenes (GAS) for 24 h at a 1:1 bacteria:macrophage ratio. Equal amounts (30 g) of whole cell extracts were analyzed by Western blotting using anti-TLR2 antibody.
DISCUSSION
Signaling pathways and gene expression, activated following engagement of TLRs with their ligands, have been studied intensively. Regulation of the expression of TLRs themselves, especially as a result of bacterial stimulation, has received less attention. We now demonstrate that two different Gram-positive bacteria and proinflammatory cytokines regulate TLR gene expression in human monocyte-derived macrophages. We also show that TLR2 is required for LGG and S. pyogenes-induced NF-B activation.
Our results indicate that TLR1 gene expression was weakly enhanced by LGG and S. pyogenes. As TLR1 mRNA was expressed constitutively in human macrophages, the observed bacteria-induced 1.4-fold to twofold increase might not be as significant as if the basal level were low. Analysis of the human TLR1 promoter in the human macrophage cell line has indicated the presence of two regulatory elements for basal and stimulus-dependent gene expression, respectively [35] . The expression of the TLR1 gene was also shown to be up-regulated by triacylated lipopeptides via c-Jun and c-Fos (AP-1) DNA binding. The authors suggested that a positive-feedback mechanism in response to TLR1 ligands exists. Gram-positive bacteria rarely contain triacylated lipopeptides [36] that are ligands for TLR1 [37] . Therefore, it is logical that neither LGG nor S. pyogenes had a major effect on TLR1 gene expression. Fig. 2 . Gram-positive bacteria-induced IFN-␣/␤ production is required for TLR expression in macrophages (A), which were stimulated with LPS (100 ng/ml), live LGG (LAB), or S. pyogenes (GAS) at a 1:1 bacteria:macrophage ratio, and cell culture supernatants were collected at 24 h after stimulation. The amount of secreted IFN-␣/␤ was measured by a biological IFN assay, and IL-1␤, IL-6, and TNF-␣ were determined by ELISA. Results for IL-1␤, IL-6, and TNF-␣ are shown in ng/ml and those for IFN-␣, in IU/ml. Results are the means of three independent experiments, each done with cells from four different donors. Error bars represent SD of the means. (B) Macrophages were stimulated with LPS (100 ng/ml), live LGG (LAB), or S. pyogenes (GAS) at a 1:1 bacteria:macrophage ratio for 8 h in the absence or presence of anti-IFN-␣/␤ antibodies. Macrophages were also stimulated with IFN-␣ (100 IU/ml) and TNF-␣ (10 ng/ml), alone or together for 3 h. Equal amounts (20 g) of total cellular RNA were analyzed by Northern blotting using 32 P-labeled TLR probes. The intensities of the bands were normalized to the intensity rRNA loading control, and fold induction numbers were obtained by comparing each sample with the untreated control, with or without the antibodies, respectively.
LGG and S. pyogenes enhanced TLR2 mRNA expression in macrophages, and TLR2 mRNA expression increased up to 24 h after stimulation. The enhanced S. pyogenes-induced TLR2 gene expression at later time-points could suggest the existence of a positive-feedback mechanism, also reinforced by IFN-␣ and TNF-␣, produced in response to S. pyogenes stimulation. An increase in TLR2 expression by S. pyogenes could render macrophages more sensitive to the pathogen and thus, enable more effective eradication. Such a sequential expression of TLRs has been suggested to be the mechanism for activating immune responses in mouse macrophages during bacterial infections [35, 38] . It is interesting that also LGG up-regulated TLR2 expression. The implications for this enhanced TLR2 expression could be diverse. It could reflect an ability of commensal bacteria to keep TLR2 expression upregulated and therefore, aid in controlling homeostasis in the host [30] . Alternatively, enhanced, LGG-induced TLR2 gene expression could provide macrophages with a state of alertness for pathogen surveillance. TLR2 expression appeared to increase also at the protein level after stimulation with LGG and S. pyogenes. The human TLR2 promoter contains binding sites for NF-B and is regulated by the Sp1 family and PU.1 transcription factors [39] . LGG and S. pyogenes activate NF-B in human macrophages [20] . Therefore, it is likely that NF-B activated by these bacteria contributes to the enhanced TLR2 expression.
TLR4 was expressed constitutively in human primary macrophages in line with published results [26, 40] . According to the Northern blot result, S. pyogenes seemed to down-regulate TLR4 mRNA levels at 6 h after stimulation. However, this result was not confirmed by real-time PCR analysis. The observed reduction in TLR4 mRNA at 6 h after S. pyogenes stimulation is likely a result of the loading difference, which is not completely corrected by normalization. Our results thus suggest that human macrophages do not down-regulate TLR4 mRNA following bacterial stimulation, unlike in mouse macrophages [38, 40] . Similarly to TLR4, the basal TLR6 mRNA levels were not affected by LGG or S. pyogenes. Not much is known about the regulation of TLR6 gene expression. Perhaps TLR6 mRNA does not need to be responsive to LGG, S. pyogenes, or LPS, as enough is already present in macrophages.
In macrophages, only pathogenic S. pyogenes was able to enhance TLR3 and TLR7 gene expression. Previously, TLR3 and TLR7 gene expression has been shown to be up-regulated by IFN-␣ in human macrophages [26] and by Staphylococcus aureus in a human monocytic cell line [41] . We observed that S. pyogenes induced IFN-␣/␤ production in macrophages, and neutralization of IFN-␣/␤ inhibited S. pyogenes-induced TLR3 and reduced TLR7 mRNA expression. IFN-␣/␤, produced in response to S. pyogenes, appears to be the key factor responsible for enhanced expression of TLR3. We have shown previously that S. pyogenes efficiently activates IFN regulatory factor 1 (IRF-1) expression and DNA binding in a protein synthesis-dependent manner [20] . IRF-1 has been shown to induce TLR3 gene expression [42] . Hence, S. pyogenes-induced up-regulation of TLR3 gene expression could be dependent on sequential IFN production and IRF-1 activation. The biological significance of the increase in TLR3 and TLR7 mRNA expression in response to S. pyogenes remains to be Cells were then stimulated with live LGG (LAB) or S. pyogenes (GAS) at a 1:1 or 10:1 bacteria:cell ratio for 22 h followed by the dual luciferase assay. Luciferase activities were normalized to Renilla luciferase activities, and data were presented as fold induction over basal promoter activation without stimulation, assigned a value of 1. Data are the means of three representative experiments, and error bars represent SD of the means. (B) Macrophages were incubated with anti-CD14 (5 g/ml) or anti-TLR2 (5 g/ml) antibodies for 1 h prior to stimulation with live LGG (LAB) or S. pyogenes (GAS) at a 1:1 bacteria:macrophage ratio. Nuclear extracts were prepared after 1 h of bacterial stimulation, and equal amounts (9 g) of samples were analyzed by EMSA following binding to 32 P-labeled NF-B oligonucleotides. The intensities of the bands were quantified and are shown as fold inductions over the untreated control assigned the value of 1. characterized. TLR3 and TLR7 recognize viral dsRNA and ssRNA, respectively [43] [44] [45] [46] . Recently, TLR7 was implicated in the type I IFN response of macrophages to Gram-negative Porphyromonas gingivalis [47] . Perhaps also other pathogenic bacteria including S. pyogenes could signal through TLR7. Recent evidence from mouse dendritic cells (DCs) suggests that TLR1, TLR2, TLR4, TLR9, or TLR2/TLR6 alone is not sufficient to mediate the response to S. pyogenes [48] . The authors suggested that recognition of S. pyogenes involves multiple TLRs. Our findings in macrophages together with those made in DCs [48] make TLR3 and TLR7 interesting candidates for recognition of S. pyogenes.
We found TLR8 to be basally expressed in human primary macrophages. Interestingly, at later time-points, TLR8 mRNA expression was regulated positively by S. pyogenes. Live S. aureus has also been demonstrated to up-regulate TLR8 mRNA in the human monocytic cell line [41] , suggesting that Grampositive pathogens might share a common factor involved in TLR8 regulation. S. pyogenes-induced IFN-␣/␤ production at 8 h after stimulation did not play a role in TLR8 expression, and stimulation of macrophages together with IFN-␣ and TNF-␣ increased TLR8 mRNA expression to some extent. Therefore, it is possible that S. pyogenes-induced cytokines after prolonged stimulation contribute to the enhanced TLR8 expression.
Macrophages produced IL-1␤, IL-6, and TNF-␣ after stimulation with LGG and S. pyogenes. However, LGG-induced cytokine production was low. Our results are consistent with a recent finding indicating that LGG, as part of a probiotic product, induces a low-grade inflammation that protects against allergy [49] . TNF-␣ has been shown to enhance retinoic acid-inducible gene I and IRF-7 expression in epithelial cells [50] . Thus, TNF-␣ produced as a result of LGG stimulation could participate in priming epithelial cells for antiviral responses. This could provide a potential explanation for the observed effect of LGG in reducing the severity of viral infections [15] . The results of the present study and our previous findings [20] indicate that the key difference between LGG and S. pyogenes is their ability to induce IFN-␣/␤ production in macrophages. Our results suggest that commensal and probiotic Gram-positive bacteria induce a mild inflammatory response characterized by the lack of an IFN response, and pathogenic Gram-positive bacteria are able to up-regulate components in the IFN signaling pathway, including type I IFN production, and thus, elicit a strong inflammatory response.
Systematic analysis about the effects of cytokines on TLR expression in human macrophages is missing. In agreement with results obtained in mouse macrophages [51, 52] , we observed that exogenously added TNF-␣ up-regulated TLR2 mRNA expression also in human macrophages. In addition, TLR2 gene expression was up-regulated by IFN-␣. TNF-␣ and IFN-␣ had an additive effect on the up-regulation of TLR2 gene expression. It could be speculated that during S. pyogenes infection, TNF-␣ production, followed by IFN-␣, works together to amplify the TLR2-mediated immune response. In the presence of probiotic LGG, IFN-␣ production is missing, resulting in more moderate TLR2 up-regulation and a more moderate inflammatory response. TNF-␣ and IFN-␣ together had an additive effect also on TLR1 and TLR7 expression, although IFN-␣ alone did not increase TLR1 expression. The promoter of tlr1 contains an AP-1-binding site [35] , providing a possible explanation for TNF-␣-induced TLR1 up-regulation. Although exogenously added, and S. pyogenes induced IFN-␣/␤-enhanced TLR3 gene expression, TNF-␣ had no effect on TLR3 mRNA expression. These findings are not surprising, as the human TLR3 promoter has been described to contain a functional IFN-stimulated response element/IRF element [42] . TLR4 mRNA expression was enhanced by TNF-␣ and IFN-␣ together, but the effect appeared to be marginal, as the basal expression of TLR4 was already high. Differential cytokine responsiveness of TLR mRNAs could increase the sensitivity and provide an additional control mechanism for macrophage responsiveness, especially if TLRs work together in the recognition of pathogenic bacteria, as has been suggested for S. pyogenes [48] .
The involvement of TLR2 in recognition of Gram-positive bacteria is widely accepted. However, only few studies have been carried out with live bacteria. It was shown recently that heat inactivation alters the use of TLRs as signaling receptors by pathogenic bacteria [31] . This finding underlines the importance of studies performed with live bacteria. Our results with HEK293 cells that do not express TLRs demonstrate that live LGG and S. pyogenes require the presence of TLRs for NF-B activation. Our results with S. pyogenes are in accordance with recent data obtained with MyD88
Ϫ/Ϫ cells showing that responses to live S. pyogenes require TLR signaling [48] . Interestingly, NF-B activation in the presence of TLR2 was almost twofold higher with LGG compared with S. pyogenes. Similarly, in human primary macrophages, blocking TLR2 reduced LGG-induced NF-B DNA binding more than it did S. pyogenes-induced NF-B DNA binding. This suggests that human macrophages are likely to use multiple TLR and/or other receptors in efficient recognition of live S. pyogenes, such as in mouse DCs [48] . The existence of another TLR besides TLR2 is also supported by our finding that only S. pyogenes induces type I IFN production, which is known not to be mediated by TLR2 [53] . As TLR1, TLR2, TLR4, TLR9, and TLR2/TLR6 as major receptors for S. pyogenes have been ruled out [48] , it is tempting to speculate that TLR3 and/or TLR7 might be involved in the TLR complex that differentiates recognition of S. pyogenes from LGG. Based on our data, it seems that CD14 in addition to TLR2 are involved in macrophage responses to LGG. CD14 and TLR2 were implicated in monocyte responses to UV-irradiated Lactobacillus plantarum [54] . Systematic analysis is needed to verify whether the combination of CD14 and TLR2 is involved in responses to all commensal or probiotic lactobacilli, alive or inactivated.
In the present study, we show that live Gram-positive commensal and probiotic LGG and pathogenic S. pyogenes differently regulate TLR gene expression in human primary macrophages. Our data suggest that a pathogen-induced, IFN-mediated TLR regulation could be one of the mechanisms for macrophages to discriminate between commensal and pathogenic bacteria. Our results also provide more evidence about the ability of live probiotic bacteria to moderately enhance inflammatory innate immune responses.
